A facile one-step electrospraying technology was utilized to produce a novel kind of hollow polyurethane 
Introduction
Polyurethanes (PU) are one of the most versatile polymer materials worldwide today. Numerous PU-based materials with different morphological structures, such as rigid foams, exible foams, elastomers, adhesives and coatings, [1] [2] [3] can be obtained by changing the species and composition of the raw materials. Among all the morphologies studied, PU microspheres which have attracted wide attention for their merits of excellent mechanical properties, high adsorption, good blood compatibility and stability, are of great potential as adsorbents, drug carriers, coatings and paints. [4] [5] [6] Several different structural PU microspheres have been prepared to expand its application, including solid microspheres, 7 nanoparticle coated microspheres 8 and porous/hollow microspheres.
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During the last decade, polymer microspheres with hollow interiors displayed diverse applications, including encapsulation of drug compounds, protection of sensitive agents and adsorption of pollutants. [11] [12] [13] [14] [15] Compare to the hollow microspheres with solid surface, porous-hollow microspheres which possess low density and high specic surface area have aroused considerable amounts of interests in many application elds, such as adsorbents, 16 tissues engineering, 17 stimuli-responsive particles, 18 drug delivery, 19 and controlled release. 20, 21 Many methods have been devoted to synthesize porous-hollow polymer microspheres, mostly based on template-assisted processes followed by the removal of the template materials using calcination or solvent etching. 22, 23 For example, Ge and coworkers reported"cage-like" polymer microspheres with a hollow core-porous shell structure by using a hard template technique. 24 Wang et al. demonstrated a one-step emulsion method to prepare macroporous polymeric microspheres with multiple interconnected chambers. 25 Some new methods such as solvent evaporation 26 and microuidics 27 have also been successfully used for fabricating porous-hollow microspheres. However, those methods oen require large amounts of solvent and multistep preparation procedures. Thus, developing a novel and facile method to prepare porous-hollow polymer microspheres are still highly desired.
Electrospraying is a method which applies high voltage to the conductive liquid at the needle tip to generate spray. The electrostatic force can overcome the surface tension and produce near-monodisperse droplets with diameters varying from tens of nanometers to hundreds of micrometers. [28] [29] [30] [31] The principle of electrospraying is essentially the same as that of electrospinning. However, the most obvious difference between electrospraying and electrospinning is the solution concentration used in the process as well as the chain entanglement density of the polymer solution. 32 Higher solution concentrations tend to form continuous bers as electrospinning process, while relatively lower concentrations will generate micro/ nanoparticles as electrospraying process. 33 There are many outstanding features of the electrospraying. First, it is a onestep method without using lots of solvents and templates. Second, monodisperse droplets in micrometer/nanometer scale can be generated and the size is independent of the needle diameter. 31 Third, the size distribution of the droplets is normally narrow, 34 as well as the size and shape can be easily controlled by adjusting the experimental parameters. Regarding all of the advantages mentioned above, using electrospraying to fabricate hollow polyurethane microspheres with tunable surface structure come into our view.
In the previous studies, many polymer materials such as polylactide (PLA), 35 poly(lactic-co-glycolic acid) (PLGA), 36 polystyrene (PS), 37 polycaprolactone (PCL), 38 and chitosan 39 were successfully employed to prepare solid, hollow, 40 porous, 41 and core-shell 28,42 microspheres by electrospraying. However, to the best of our knowledge, only a few studies about PU microspheres prepared by electrospraying were reported, 43 and the hollow PU microspheres fabricated by electrospraying have never been reported yet. Herein, we show for the rst time how to prepare the hollow PU microspheres with porous and non-porous surface structures using one-step electrospraying technique and investigate the key parameters of the electrospraying technique to control the size and morphology of microspheres. The PU was synthesized by using 4,4 0 -diphenylmethane diisocyanate (MDI)
as the isocyanate, polycaprolactone diol (PCL-4000) as the diol, and 1,4-butanediol as the chain-extending agent. Gel permeation chromatography (GPC), Fourier transform infrared spectrometer (FTIR) and proton nuclear magnetic resonance spectrometer ( 1 H NMR) were utilized for characterizations. The surface morphology and internal structure of PU microspheres were studied by scanning electron microscopy (SEM). The inuence of solvent, collection bath, collecting distance, ow rate, applied voltage, and solution concentration on the size and morphology of PU microsphere were systematically studied. Finally, the formation mechanisms of hollow PU microspheres with two kinds of surface structures were proposed. The successful preparation of hollow PU microspheres via one-step electrospraying technology may provide a general method to fabricate hollow polymer microspheres with tunable surface structures. The obtained hollow PU microspheres with controlled porosity offer potential applications in many elds such as adsorbents, catalysis and drug delivery systems. Our work may provide a strategy towards the design and fabrication of various polymer microspheres in the future. 
Synthesis of linear polyurethane polymer
The linear polyurethane polymer was synthesized according to Scheme 1. First, a precursor was synthesized by the reaction of PCL and MDI (1 : 2) at 80 C under nitrogen atmosphere for 2 h.
The precursor (16.0 g, 3.55 mmol) and 1,4-butylene glycol (BDO) (0.32 g, 3.55 mmol) were dissolved in anhydrous N,N-dimethylformamide (DMF, 90 mL) and then stirred at room temperature for 24 h. Eventually, 20 wt% PU solution was obtained.
Fabrication of porous-hollow PU microspheres
The experimental setup is shown in Fig. 1 . The preparation system consists of a mechanical syringe pump loaded with a syringe, a high voltage generator and a grounded collector. In the electrospraying process, the 20 wt% PU solution was placed into a 5 mL syringe and was continuously pushed by the syringe pump at a ow rate of 14 mL h À1 to a right angle bended stainless steel nozzle with an internal diameter of 0.5 mm, which was connected to the high voltage power generator. The direct current high voltage generator was used to provide voltage of 8.5 kV potential differences between the nozzle and the grounded collector. A collecting bath of deionized water with 0.5 wt% tween 80 as the surfactant was used as the ground collector. The spraying distance between the nozzle and the collector was maintained at 10 cm. The obtained microspheres were washed with deionized water and centrifuged at 7000 rpm for ve times to remove the Tween 80. At last, the microspheres were lyophilized using a freeze dryer.
Fabrication of PU microspheres with different sizes and morphologies
In order to fabricate PU microspheres with different sizes and morphologies, various electrospraying parameters that affect the formation of microspheres were investigated. To study the inuence of solution concentration, different concentrations of PU solution (5 wt%, 10 wt%, 15 wt%, and 20 wt%) were used to prepare microspheres. Meanwhile, different ow rates (3.5 mL h À1 , 7.0 mL h À1 , 10.5 mL h À1 , 14 mL h À1 and 17.5 mL h À1 ) and applied voltages (8.5 kV, 10.0 kV, 11.5 kV and 13.0 kV) to prepare microspheres were also studied, respectively. In addition, the inuence of solvent, collection bath and collecting distance on the morphologies of PU microspheres was also investigated.
Characterization
The weight average molecular weight (M w ) of the synthesized PU was determined by gel permeation chromatography (GPC; HLC-8320). For chemical structure analysis, PU was characterized by Fourier transform infrared spectrometer (FTIR; Nicolet 560) in the frequency range of 400-4000 cm
À1
, and the resolution and scanning number of FTIR test are 4 cm À1 and 32, respectively, and then further analyzed by using proton nuclear magnetic resonance spectrometer ( 1 H NMR, Bruker ARX-400), operating at 400 MHz. Scanning electron microscopy (FEI, Quanta 250 eld emission scanning electron microscope, SEM) was used to study the size and morphology of the fabricated PU microspheres. Before observation, the microspheres were dispersed in distilled water by ultrasonication and placed on a mica plate, then dried in a desiccator for 24 h. The particle diameter and pore size of PU microspheres were determined by image analysis using Image-Pro Plus Soware (Media Cybernetics). To investigate the internal nanostructures, the microsphere aqueous solution was frozen by liquid nitrogen, and then broken into powder by a hammer. The powder was lyophilized using a freeze dryer, and the cross-section morphology of the microspheres was observed using SEM.
Results and discussion

Synthesis and characterization of PU
We used a two-step polycondensation method to prepare PU, as shown in Scheme 1. FTIR was used to characterize the molecular structure of PU. As shown in Fig. 2a , the peaks at $1468 cm
À1
, $1534 cm À1 and $1602 cm À1 belong to the absorption of C-H on the benzene ring. The peak at $1731 cm À1 is attributed to the absorption of carbamic acid ester groups. The peak of $3435 cm À1 can be assigned to the absorption of N-H. For the 1 H NMR spectroscopy study, as shown in Fig. 2b , the peaks at 9.48 ppm and 8.52 ppm belong to the carbamate group, and the peak at 3.78 ppm belongs to the methine group in BDO. All of the above observations suggest the successful synthesis of the PU polymer. The results of GPC measurements show that the number average molecular weight (M n ), weight average molecular weight (M w ) and the polydispersity index (PDI) of the polyurethane are 29 575, 54 836 and 1.85, respectively.
Characterization of PU microspheres prepared by electrospraying , while the collecting distance is 10 cm and the collection bath is deionized water. According to the SEM images, the microspheres exhibit spherical morphologies with an average diameter of $29 mm and a porous structure all over the surface. To investigate the internal structure, the cross-section of PU microspheres were observed, which displayed that the inner structure of PU microspheres is a hollow core with $23 mm diameter in Fig. 3c and d. The result indicates that a hollow core structure with a porous shell of PU microspheres could be generated by electrospraying without the assistance of any template.
The inuence of experiment parameters on the size and morphology of PU microspheres During the electrospraying process, the size and morphology of particles are controlled by electrospraying parameters, including solution physical properties such as surface tension, conductivity and viscosity, electrospraying distance, collection bath, strength of the electrostatic eld, ow rate, and solution concentration. Some studies 33, 44 have investigated the inuence of these electrospraying parameters on the size of polymer microspheres. However, these parameters also affect the solvent evaporation, which will further inuence the morphology of PU microspheres. In order to obtain the PU microspheres with different sizes and morphologies, these parameters were investigated systematically in the following parts. Effect of solvent. The preparation of PU microspheres using electrospraying method displayed a great dependence on the solvent properties. To investigate the inuence of solvent on the morphology of PU microspheres, we chose three different kinds of solvents to prepare a series of PU microspheres. Under the conditions of applied voltage of 8.5 kV, solution concentration of 20 wt%, ow rate at 14 mL h À1 and deionized water as the collection bath, we prepared PU microspheres with N,Ndimethyl formamide (DMF) and tetrahydrofuran (THF) as the solvent, respectively. As shown in Fig. 4a and b, when DMF was used as solvent, the porous and uniform microspheres were obtained. However, using THF as solvent can only generate the monodisperse solid microspheres with wrinkle surface. As for DCM, the solubility of PU in DCM is much lower than that in DMF and THF. So we prepared 5 wt% PU solution and kept other electrospraying parameters the same as before. When the collection bath is changed from deionized water to ethanol, we could get some particles. As is shown in Fig. 4c , the morphology of the particles is irregular and the size is not uniform. What's more, most particles are collapsed and have a rough surface. The properties of three solvents including dielectric constant and boiling point are listed in Table 1 . In general, the conductivity of a solution is determined by the polymer and the solvent. As previously reported, an increased conductivity of a solution implies that more charge is carried by the electrospraying jet.
Under the same polymer concentration, larger particles can be prepared using a solvent with a lower dielectric constant.
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Therefore, we obtained slightly bigger PU microspheres in THF and DCM than using DMF as the solvent. On the other hand, the boiling point of THF is much lower than DMF, which means the evaporation rate of THF is faster during electrospraying process. As a result, the PU polymer chains solidify rapidly and result in a wrinkle surface. DCM has an even lower boiling point than THF. The too fast evaporation rate will cause the asymmetrical and rapid precipitation of PU polymer chains, leading to the collapse of particles and the generation of fragmented particles. That's why the irregular particles were obtained. So it is clear that the solvent properties have a great inuence on the morphology and diameter of PU microspheres. Effect of collection bath. In some reports, the particles were electrojetted on a substrate. However, the particles prepared by this method are likely to collapse when the solvent does not evaporate completely before particles drop onto the substrate. Herein, we used different kinds of liquid as collection bath, and found that it would affect the phase separation process and further the morphology of particles. Under the conditions of the applied voltage at 8.5 kV, the solution concentration at 20 wt%, the ow rate at 14 mL h À1 and DMF as the solvent, PU microspheres were prepared by electrospraying using deionized water and ethanol as collection bath, respectively. As shown in Fig. 5a , when using deionized water as the collection bath, the microspheres are spherical with a porous surface and have a uniform particle size. However, the PU microspheres prepared with ethanol as the collection bath have a smooth surface. In addition, most parts of the surface are damaged, and adhesion phenomenon is serious (Fig. 5b) . This phenomenon may result from the different liquid-liquid phase separation process of DMF/PU solution in deionized water and in ethanol. It indicates that selecting the appropriate collecting bath is a key factor to obtain regular polymer microspheres. Effect of collecting distance. The collecting distance between the needle tip and the collection device will inuence the strength of the electric eld and the solvent evaporation during electrospraying process, which may further affect the microsphere size and morphology.
44-46 Fig. 6 shows that the surface morphology of the PU microspheres changed from porous to non-porous when increasing collecting distance from 10 cm to 25 cm. Microspheres with some small holes on the surface were obtained when the collecting distance of 10 cm was applied. With the increase of collecting distance, the number of holes deceased and eventually a closed surface was obtained. This may attribute to the change of the solvent evaporation rate during the electrospraying process when the collecting distance varies. When the needle tip is closer to the collector, the solvent does not evaporate completely before the droplets get into the collection bath, which leads to phase separation because of the liquid-liquid exchange between the water and the solvent. When the collecting distance increases, the solvent evaporates more thoroughly. So, the phase separation in collection bath alleviates and fewer pores are formed and even disappeared when the collecting distance is far enough. It must be pointed out that when the distance between the collection bath and the needle tip is too short, there will be an unstable electrospraying process. As a result, when using DMF as the solvent, deionized water as the collection bath and the collecting distance is 10 cm, we can obtain the regular PU microspheres. So, we chose these parameters for the rest of the study unless specied.
Effect of ow rate. Under the condition of the solution concentration of 20 wt%, the applied voltage of 8.5 kV and DMF as the solvent, we prepared different PU microspheres with the ow rate at 3.5 mL h À1 , 7.0 mL h À1 , 10.5 mL h À1 , 14 mL h À1 and 17.5 mL h À1 , respectively. The SEM images and the average particle size histograms of PU microspheres at different ow rates are shown in Fig. 7 . When the ow rate increases from 3.5 mL h À1 to 17.5 mL h À1 , the average particle size of PU microspheres increases from 8.7 mm to 29.4 mm. This is probably because when a certain voltage is applied, the generated electric eld force is sufficient to cause the jet disperses more evenly and thoroughly under a slower ow rate. So, the jet can split into many smaller droplets, resulting in microspheres with smaller average particle size. With the increase of ow rate, the electric eld strength in a short period of time is not enough to make jet stream split into smaller droplets, so the larger microspheres is obtained. As for the morphology of microspheres, we can see from the Fig. 7a -e clearly that with the increase of ow rate, the non-porous surface of PU microspheres gradually transforms into a porous structure. The higher the ow rate is, the larger the holes on the surface of the microspheres can be obtained. As shown in Fig. 8 , when the ow rate increases from 3.5 mL h À1 to 17.5 mL h À1 , the particle size of PU microspheres increases signicantly and microspheres morphology changes from smooth non-porous surface into porous surface. This behavior is probably due to the different evaporation rate of DMF at different ow rates. Faster ow rate induces a slower solvent evaporation rate, which will induce phase separation in the collection bath, resulting in bigger particles with more porous structures. Effect of applied voltage. Fig. 9e shows the average particle size histogram of polyurethane microspheres fabricated at different applied voltages. As shown in this histogram, keeping other conditions (ow rate, solution concentration, etc.) constant, increasing the applied voltage will reduce the size of PU microspheres. When the applied voltage rises from 8.5 kV to 13 kV, the average particle size decreases from 26.5 mm to 8.3 mm. In the electrospraying process, when the applied voltage is changed, the electric eld force exerted on the injection uid will be altered. The liquid particles are directly resulted from the dispersion of Taylor cone which is formed because the electric eld force overcomes the surface tension. When the voltage increases, the electrostatic force with respect to the surface tension increases, then the formation of jet ow will be more scattered. Therefore, changing the applied voltage can play a regulatory role in adjusting the microspheres particle size theoretically. The morphology of PU microspheres with different applied voltages are shown in Fig. 9a-d . With the increase of applied voltage, the holes on the surface of PU microspheres gradually reduce, and eventually the porous surface transforms into a non-porous structure when the applied voltage increases to 13 kV. The essence of this phenomenon is the same as the change of ow rate. Both the increase of ow rate and the decrease of applied voltage will generate larger PU particles. And as shown in Fig. 9 , when the particles are large enough, the porous PU microspheres with many holes on the surface are obtained. This is because there is insufficient time for DMF to evaporate completely before the particles drop into the collection bath.
Effect of solution concentration. The inuence of polymer solution concentration on the PU microspheres is complicated. As shown in Fig. 10e , the average particle size of PU microspheres increases with the increase of solution concentration. When the concentration of PU solution rises from 5 wt% to 20 wt%, the average particle size of PU microspheres increases from 4.5 mm to 15.5 mm. What's more, as shown in SEM images of Fig. 10a-d , the PU microspheres are porous and spherical within a narrow range of size distribution at 20 wt% PU concentration. For PU concentration below 20 wt%, the PU microspheres with non-porous surface and relatively irregular shapes were obtained. At 5 wt% solution concentration, the microspheres are interconnected with each other. This is because that different solution concentration will lead to a change in the surface tension and viscosity, which will affect the entanglement of polymer molecular chains in the electrospraying droplets, further inuence the morphology and size of polymer microspheres.
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With the decrease of solution concentration, the viscosity and the entanglement of polymer molecular chains with each other decrease. This means the PU molecular chains can move easily and the droplets will deform during the DMF evaporation process, which results in irregular particles. So, only at appropriate solution concentration, the microspheres with spherical shape can be fabricated.
The internal structure of PU microspheres
In above studies, we have discussed the inuence of different electrospraying parameters on the size and surface morphology of PU microspheres. Now the factors to affect the internal 13 .0 kV and (e) the particle size of PU microspheres with different applied voltages (flow rate: 14 mL h structure of PU microspheres are investigated. By changing the ow rate when other parameters remained the same, PU microspheres with porous surface and smooth non-porous surface can be obtained as shown in Fig. 7. Fig. 11 shows the cross-section images of PU microspheres with different sizes and surface morphologies. To our surprise, the smallest microspheres with non-porous surface also have a hollow structure. When the non-porous surface of PU microspheres gradually transforms into a porous structure, the hollow internal structure always remains. Other electrospraying parameters, such as applied voltage and solution concentration, essentially inuence the size of liquid particles sprayed from the Taylor cone, but not the formation process of the microspheres. Therefore, we can speculate that when using DMF as solvent, deionized water as the collection bath and the collecting distance is 10 cm, the smaller PU microspheres have hollow internal structure with non-porous surface, while the bigger PU microspheres have hollow internal structure with porous surface. Therefore, we can get the conclusion that hollow polyurethane microspheres with tunable surface structure were successfully prepared without any template by electrospraying.
The possible formation mechanisms of hollow PU microspheres with porous and non-porous surface According to the above results, we proposed the diffusion deposition-phase separation mechanism to explain the evolution process of the hollow PU microspheres with two different surface structures. The possible formation mechanisms are shown in Fig. 12 . When the PU-DMF solution fragments to microdroplets, the surface of droplets is solidied due to the rapid solvent evaporation in the air. The PU segments inside the microdroplets continue to move to the surface and precipitate during the process of dropping from the needle tip to the collection bath, resulting in a hollow structure inside particles. Because the droplets are very small, most of the DMF solvent evaporates before the particles drop into the water bath, which attributes to the hollow microspheres with non-porous surface (Fig. 12A) . The formation process of porous-hollow microspheres can be divided into two steps (Fig. 12B) . The rst step is rapid evaporation of DMF solvent and precipitation of PU segments as same as the formation process of hollow PU microspheres. With the increase of electrospraying ow rate or solution concentration, or the decrease of applied voltage, the diameter of microdroplets become bigger and the solvent evaporates incompletely before the particles drop into the collection bath. As water displays high solubility for DMF but it is anti-solvent for PU, When the PU/DMF particles drop into water, liquid-liquid phase separation occurs during rapid exchange of the DMF and water. Aer the completion of the exchange, the porous shell is formed. Eventually, the poroushollow microspheres are obtained. The diffusion depositionphase separation mechanism suggests that electrospraying technology also may be used in preparing other porous-hollow polymer microspheres. Compared with conventional methods such as template technique, 24 double emulsion technique 47 and coaxial electrospraying, 40 electrospraying technology is a simple one-step method to prepare porous-hollow microspheres without other external assistant, and can easily tune the surface morphology of microspheres.
Conclusions
In conclusion, we have developed a novel one-step electrospraying technology to fabricate hollow PU microspheres with different surface structures. Their sizes and morphologies can be tuned by changing the electrospraying parameters, such as solvent, solution concentration, collection bath, ow rate and applied voltage. Two different kinds of PU microspheres with hollow structures can be obtained via adjusting the electrospraying parameters. A porous-hollow structure can be obtained by increasing ow rate or solution concentration, or decreasing applied voltage. The decrease of ow rate or solution concentration, or the increase of applied voltage leads to hollow structure with a non-porous surface. When the size of liquid droplets is bigger enough, the solvent does not evaporate completely before the particles drop into the collecting bath. The anti-solvent behavior generated in this process induces phase separation and causes a porous surface. While for smaller droplets, the solvent evaporates very fast and completely during the deposition process and leads to a non-porous surface. This work provides a general method to fabricate hollow polymer microspheres with tunable surface structures. The obtained hollow PU microspheres offer potential applications in many elds such as adsorbents, catalysis and drug delivery systems.
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